Tumor suppressor protein p53 is a master transcription regulator, indispensable for controlling several cellular pathways. Earlier work in our laboratory led to the identification of dual internal ribosome entry site (IRES) structure of p53 mRNA that regulates translation of full-length p53 and Δ40p53. IRES-mediated translation of both isoforms is enhanced under different stress conditions that induce DNA damage, ionizing radiation and endoplasmic reticulum stress, oncogene-induced senescence and cancer. In this study, we addressed nutrient-mediated translational regulation of p53 mRNA using glucose depletion. In cell lines, this nutrient-depletion stress relatively induced p53 IRES activities from bicistronic reporter constructs with concomitant increase in levels of p53 isoforms. Surprisingly, we found scaffold/matrix attachment region-binding protein 1 (SMAR1), a predominantly nuclear protein is abundant in the cytoplasm under glucose deprivation. Importantly under these conditions polypyrimidine-tractbinding protein, an established p53 ITAF did not show nuclear-cytoplasmic relocalization highlighting the novelty of SMAR1-mediated control in stress. In vivo studies in mice revealed starvation-induced increase in SMAR1, p53 and Δ40p53 levels that was reversible on dietary replenishment. SMAR1 associated with p53 IRES sequences ex vivo, with an increase in interaction on glucose starvation. RNAi-mediated-transient SMAR1 knockdown decreased p53 IRES activities in normal conditions and under glucose deprivation, this being reflected in changes in mRNAs in the p53 and Δ40p53 target genes involved in cell-cycle arrest, metabolism and apoptosis such as p21, TIGAR and Bax. This study provides a new physiological insight into the regulation of this critical tumor suppressor in nutrient starvation, also suggesting important functions of the p53 isoforms in these conditions as evident from the downstream transcriptional target activation. Cell Death and Differentiation (2015) 22, 1203-1218; doi:10.1038/cdd.2014.220; published online 27 February 2015 p53 is a master transcription factor and tumor suppressor. Apart from post-translational modifications of p53 and concomitant protein-protein interactions of p53 with diverse factors, translational control of p53 mRNA also plays an important role under stress conditions.
Tumor suppressor protein p53 is a master transcription regulator, indispensable for controlling several cellular pathways. Earlier work in our laboratory led to the identification of dual internal ribosome entry site (IRES) structure of p53 mRNA that regulates translation of full-length p53 and Δ40p53. IRES-mediated translation of both isoforms is enhanced under different stress conditions that induce DNA damage, ionizing radiation and endoplasmic reticulum stress, oncogene-induced senescence and cancer. In this study, we addressed nutrient-mediated translational regulation of p53 mRNA using glucose depletion. In cell lines, this nutrient-depletion stress relatively induced p53 IRES activities from bicistronic reporter constructs with concomitant increase in levels of p53 isoforms. Surprisingly, we found scaffold/matrix attachment region-binding protein 1 (SMAR1), a predominantly nuclear protein is abundant in the cytoplasm under glucose deprivation. Importantly under these conditions polypyrimidine-tractbinding protein, an established p53 ITAF did not show nuclear-cytoplasmic relocalization highlighting the novelty of SMAR1-mediated control in stress. In vivo studies in mice revealed starvation-induced increase in SMAR1, p53 and Δ40p53 levels that was reversible on dietary replenishment. SMAR1 associated with p53 IRES sequences ex vivo, with an increase in interaction on glucose starvation. RNAi-mediated-transient SMAR1 knockdown decreased p53 IRES activities in normal conditions and under glucose deprivation, this being reflected in changes in mRNAs in the p53 and Δ40p53 target genes involved in cell-cycle arrest, metabolism and apoptosis such as p21, TIGAR and Bax. This study provides a new physiological insight into the regulation of this critical tumor suppressor in nutrient starvation, also suggesting important functions of the p53 isoforms in these conditions as evident from the downstream transcriptional target activation. Cell Death and Differentiation (2015) 22, 1203-1218; doi:10.1038/cdd.2014.220; published online 27 February 2015 p53 is a master transcription factor and tumor suppressor. Apart from post-translational modifications of p53 and concomitant protein-protein interactions of p53 with diverse factors, translational control of p53 mRNA also plays an important role under stress conditions. 1 p53 and its N-terminally truncated isoform Δ40p53 (also known as ΔN-p53 or p53/47) are translated by internal ribosome entry site (IRES)-mediated translation initiation from the same mRNA under different stress conditions that induce DNA damage, ionizing radiation and endoplasmic reticulum (ER) stress, oncogene-induced senescence and cancer. [2] [3] [4] [5] [6] [7] Thus, p53 mRNA has a dual IRES structure. 8 For their function, these IRESs rely on IRES trans-acting factors (ITAFs). Polypyrimidine-tract-binding protein (PTB) was shown to have differential affinity for the two IRESs of p53 and regulated p53 IRES functions by translocating from nucleus to cytoplasm on doxorubicin-induced DNA damage. 3 This PTB-mediated control of p53 IRESs has been recently found to play a role in the p53-fibrillarin-rRNA methylation network. 9, 10 Single-nucleotide polymorphisms in p53 5'UTR 11 or in the coding region of p53 IRES 7, 11, 12 decreased p53 IRES activity by altering PTB, MDM2 or hnRNPC1/C2 interactions with this regulatory region in p53
mRNA. Annexin A2 and PTB-associated splicing factor (PSF) proteins, putative p53 ITAFs, interact with p53 IRESs ex vivo in a stress-induced manner, showing greater association with the IRESs on thapsigargin treatment. 13 An eIF4G homolog, death-associated protein 5 (DAP5) was demonstrated to bind to p53 IRESs and regulate the second IRES-mediated expression of Δ40p53, whereas such regulation by DAP5 of the first IRES-mediated expression of p53 was more subtle. 14 hnRNPQ was demonstrated to bind to p53 5'UTR and control its translation efficiency. 15 Apart from various ITAFs, p53 5'UTR is also known to bind several proteins such as RPL26, 16 nucleolin, 17 PDCD4 18 and RNPC1. 19 Nutrient-limitation or starvation is also known to induce cellular stress. In Drosophila under poor nutritional conditions, FOXO (a Forkhead-box transcription factor) mediates accumulation of INR via IRES-mediated translation of the INR mRNA. 20 Nutritional control of transcription/ translation via modulation of IRES activity is also exemplified by the cellular response to limited amino acid availability. 21, 22 Amino acid depletion induces GCN2 kinase-mediated phosphorylation of eIF2α, leading to a global decrease in protein synthesis and induction of an adaptive survival program. 21, 23 Under this condition, IRES-mediated translation of the Cat-1 and SNAT2 mRNAs occur, 24, 25 thus preparing cells to transport amino acids once they become available. Methionine synthase, a key enzyme that clears intracellular homocysteine, is induced by its cofactor, vitamin B12, at a translational level through an IRES in the 5'UTR of the mRNA. 26 In response to glucose deprivation, haploid Saccharomyces cerevisiae cells dramatically downregulate translation of most cellular messages, 27, 28 but several yeast genes required for invasive growth, a developmental pathway induced by nutrient limitation, contain potent IRESs. 29 Serum starvation of mammalian cell cultures showed induction of Bcl-2 IRES 30 and activated translation of XIAP mRNA. 31 IRES-mediated translation of p27
Kip1 mRNA contributes to maintenance of G1 phase of the cell cycle and the expression of p27
Kip1 was found to be iron sensitive. 32, 33 These studies reveal a novel aspect of activation of IRESmediated translation of eukaryotic mRNAs due to nutrient shortage, resulting in the synthesis of proteins essential for cell survival or apoptosis. Thus, it is important to investigate IRES activity of p53 mRNA in nutrient-deprived conditions. In the current study, results suggest that glucose depletion relatively induces p53 IRES activity as seen in bicistronic reporter assays. There are reports that have implicated p53 protein in binding its own RNA. 34 The E3-ubiquitin ligase MDM2 is a well-known target of p53, forming a feedback loop and regulating p53 degradation. Interestingly, MDM2 has also been shown to interact with coding sequence of the IRES in p53 mRNA. 12, 35, 36 A recent work suggested stress-dependent formation of a ternary complex of three proteins: p53, MDM2 and SMAR1, 37 another transcriptional target of p53 that can modulate p53 transactivation potential. 37, 38 We now find that SMAR1, a predominantly nuclear protein becomes abundant in the cytoplasm under glucose deprivation. Thus glucose deprivation, a form of nutrient-depletion stress, can induce p53 IRESs and also increases cytoplasmic abundance of SMAR1 that in turn binds to p53 IRESs, indicating the role of SMAR1 in controlling translation of p53 isoforms. Also, this increase in p53 isoforms is reversible suggesting that transient glucose or dietary deprivation can impinge reversibly on p53 signaling as suggested by p53-target transactivation.
Results
Glucose deprivation increases p53 IRES activity. p53-null H1299 cells were transfected with luciferase bicistronic constructs containing p53 1-251 RNA in the intercistronic region. 7, 8, 11 Control cells and glucose-starved cells were harvested 4, 8, 20 and 30 h post-transfection. There was a consistent increase in the relative IRES activity at all these time points following glucose deprivation, with a 1.7-fold increase in activity by 20 h (Figure 1a , H1299 panel and Supplementary Table S1 ). Similar experiments were performed on A549 cells (with endogenous p53) and results corroborated the observation in H1299 cells. The relative IRES activity increased by 2.3-fold by 20 h and elevated IRES activity was maintained at 30 h following glucose deprivation in A549 cells (Figure 1a, A549 panel and Supplementary  Table S2 ). In both H1299 and A549 cells, the relative increase in IRES activity also reflects a concomitant decrease in cap-dependent translation of Renilla luciferase, this being more evident in the p53-positive A549 cells, as glucose deprivation induces eIF2α phosphorylation. 39 As evident from these readings, fold decrease in cap-dependent translation (R-Luc) is much higher compared to fold decrease in capindependent translation (F-Luc), that can be interpreted as a situation wherein the IRES function maintains the translation of F-Luc. To address the relative effect of glucose deprivation on p53 IRES1 and IRES2, bicistronic plasmids containing the first (1-134) or second (135-251) IRES RNA module of p53 were transfected into H1299 cells. Similar experimental regimen as above showed that at 30 h of glucose deprivation, the activity of first IRES region increased 2.4-fold (Figure 1b and Supplementary Table S3 ) whereas that of second IRES module increased 1.7-fold ( Figure 1c and Supplementary  Table S3 ), a consistent increase at all the time points being a common feature of both IRESs. The response to glucose deprivation was IRES specific, relative activity of VEGF IRES (Figure 1d and Supplementary Table S4 ), but not HIF1α or HCV IRES (Figures 1e and f and Supplementary  Tables S5 and S6 , respectively), was higher in these conditions.
For studying the effect of glucose deprivation on p53 IRES-mediated translation, pGFP-hp-p53-5'UTR-cDNA (14A) plasmid that expresses both p53 and Δ40p53 by IRESmediated translation was transfected in H1299 cells followed by glucose deprivation for 8 h and 30 h. There was discernible increase in the steady-state levels of both the isoforms in these time points (Figure 1g ). To investigate whether such an increase was due to greater stability of these isoforms after glucose deprivation, time dependent of cycloheximide (CHX, translation-initiation blocker) treatment was done 30 h postglucose deprivation. Interestingly, the induction in the steadystate levels of p53 and Δ40p53 (Figure 1h , lane 1 versus 4) was completely abrogated post-CHX treatment (Figure 1h , lanes 5 and 6) suggesting that such induction is possibly at the level of translation initiation, which is IRES mediated in this experimental setting. Downstream to glucose-deprivationmediated p53 induction, p21 promoter was found to be significantly activated in a luciferase reporter assay (Figure 1i ).
The first transactivation domain (TAD-I) of p53 protein is the docking site for MDM2-E3 ligase that ubiquitinylates p53 and targets it for degradation. 40 It was thus imperative to delineate if inhibition of MDM2 function on glucose deprivation results in elevated p53 stability. Two constructs as shown in Figure 1j were used, one would produce only p53 as second ATG was mutated (pGFP-hp-p53-5'UTR-(A252G/T253C/G254T)-cDNA or 14A-M1 plasmid), while the other would produce only Δ40p53 as the first ATG was mutated (pGFP-hp-p53-5'UTR (A135T)-cDNA or 14A-M2 plasmid), both plasmids would employ entire (1-251) IRES to direct synthesis of the protein.
When cells were deprived of glucose for 8 or 30 h, there was increase in the levels p53 and also of Δ40p53 (Figure 1j ). Since, Δ40p53 isoform lacks TAD-I and cannot bind MDM2, increase in its levels occurs apparently rules out possible physical participation of MDM2 in elevating steady-state levels of p53 isoforms on glucose deprivation. This also suggests that apart from any increase in protein stability that might be attributed to glucose-starvation-induced SMAR1 knockdown inhibits p53 IRES function. In order to determine whether SMAR1 participates in IRES-mediated translation of p53 mRNA in a more direct way, the effect of Figure S8A) . In these cells also, there was a dose-dependent decrease in IRES activity from pRp53(1-251)F bicistronic construct as well (Supplementary Figure S8B and Supplementary Table S8C) .
To validate the RNA-interference results, two stable cell lines were established by puromycin selection. H1299-S3 cells stably expressed the shRNA for SMAR1, while H1299-NS cells expressed a non-targetting shRNA; IRES-mediated expression of p53 and Δ40p53 was lesser in H1299-S3 cells ( Figure 2c ). We also checked p53 and Δ40p53 levels on overexpressing the pcDNA p53 mammalian vector (5'UTR+cDNA; Supplementary Figure S9A ) and 14A (Supplementary Figure S9B ) in H1299-NS and H1299-S3 cells, in the presence and absence of DNA-damaging agent doxorubicin; results suggest that steady-state levels of both isoforms depend on SMAR1 levels. Interestingly, SMAR1 levels were also induced on DNA damage. However, it should be noted that SMAR1 can interact with full-length p53 in its TAD1 and positively regulate its stability 37 and hence the levels of the full-length isoform will depend on both translation and stability.
Caspase 3/7 activation was lessened even in the presence of p53 and Δ40p53 if SMAR1 was knocked down for 48 h (Figure 2d ). The reduction in Δ40p53 expression due to SMAR1 knockdown also impaired its ability to induce transcription of downstream target genes. 14-3-3σ was recently reported as a preferential Δ40p53 target gene. 5, 14 Expressing Δ40p53 from the 14A-M2 plasmid resulted in a 70% increase in 14-3-3σ mRNA in H1299-NS cells (Figure 2e ). However, SMAR1 knockdown greatly compromised the induction of 14-3-3σ mRNA with only about 17% increase in the H1299-S3 cells, suggesting that SMAR1 is required for Δ40p53-mediated transactivation ( Figure 2e) .
We posed the question that if proteasomal degradation was inhibited by MG132 treatment (60 min) in H1299-S3 cells, will that alleviate SMAR1-knockdown-mediated repression of p53 and Δ40p53 expression. We used two constructs for this study ( Figure 2f ): one that would express both isoforms (14A), while another that would express only Δ40p53 (14A-M2). In either case, expression of p53 isoforms would be solely IRES mediated. On MG132 treatment after SMAR1 knockdown, there was no de-repression in the expression of p53 isoforms from either construct, suggesting that the role of SMAR1 is not at the level of protein degradation (Figure 2f ). SMAR1 is known to bind to full-length p53 at 14-16 amino acids that reside within TAD-I. 37 Since, SMAR1 knockdown decreased p53 as well as Δ40p53 levels expressed from different constructs and Δ40p53 lacks TAD-I, SMAR1 seems to have functions that are independent of TAD-I interaction also. A plausible explanation is that SMAR1 is indeed essential for IRES-dependent translation of p53 and Δ40p53.
p53-MDM2 protein interaction is well documented in the scientific literature. Another protein SMAR1 was found to form a ternary complex with p53-MDM2. 37 As a proof of concept that SMAR1 homologs can bind p53 RNA, 6X-His-tagged mouse SMAR1 (BANP) was purified (Supplementary Figure  S10A Intracellular redistribution of SMAR1 on glucose deprivation. Surprisingly, SMAR1 was seen to be redistributed in H1299 cells on glucose deprivation in immunofluorescence experiments. H1299 cells were starved of glucose for 4, 8 and 30 h, the same points in time when relative IRES activities of p53 mRNA increase. By 8 h, the nuclear SMAR1 was remarkably depleted with increase in cytoplasmic levels as compared to control cells at this time point (Figure 3a) . However, by 30 h control cells and glucose-starved cells had nearly similar amounts of nuclear SMAR1 but there was more SMAR1 in the cytoplasm for the latter (Figure 3a) . SMAR1 is a predominantly nuclear protein and undergoes cytoplasmic to nuclear relocalization under genotoxic stress. 41 FACS studies demonstrated that glucosedeprivation-driven intracellular redistribution of SMAR1 in the cytoplasm occurred without any cues from cell-cycle changes, as the cell-cycle profiles at 4, 8 and 30 h, for control and experimental monolayer cultures were nearly identical, asynchronous and devoid of any cell-cycle arrest (Supplementary Figure S11) . PTB is a very well-established ITAF for p53 IRESs and under the experimental conditions, it failed to show nuclear-cytoplasmic relocalization like SMAR1 under glucose deprivation (Figure 3b ).
Increased expression of p53 and Δ40p53 under glucose deprivation needs SMAR1. H1299-NS and H1299-S3 cells were transfected with 14A plasmid and these cells were glucose starved for 8 h. As expected, IRES-dependent expression of p53 and Δ40p53 were lesser in H1299-S3 cells compared to H1299-NS cells (Figure 4a ). Interestingly, glucose-starvation-mediated induction of the isoform levels was remarkably abrogated in the H1299-S3 cells indicating that SMAR1 is essential for such a translational induction. For studying the effect of glucose deprivation on Δ40p53 alone, a similar experiment was performed with 14A-M2 plasmid and the results corroborated the essentiality of SMAR1 for glucose-starvation-mediated induction in the synthesis of Δ40p53 (Figure 4b ). Confirming our hypothesis, there was no decrease in Δ40p53 levels on SMAR1 knockdown or induction on glucose deprivation when this isoform alone was expressed in a cap-dependent manner without any IRES (ΔIRES-Δ40p53 plasmid; Figure 4c ). Similarly, dual-luciferase experiments with bicistronic plasmids carrying the first (1-134) or second (135-251) IRES or with (1-251) IRES in the intercistronic region confirmed that SMAR1 is necessary for induction of IRES activity when cells are starved of glucose (Figures 4d-f ; Supplementary Table S12 ). The expression of VEGF IRES was relatively increased on glucose deprivation, however, the expression from VEGF (Supplementary Figure  S15) and HIF1α IRESs (Supplementary Figure S16) was seen to be independent of SMAR1 knockdown. Steady-state mRNA levels of three p53 transcription targets, p21, Mdm2 and TIGAR were checked in the NS and S3 cells under glucose deprivation (Figure 4g ). There was an induction of all three mRNAs in NS cells but not in S3 cells, except for p21 at 30 h of starvation in the latter. Immunoblots for concomitant p53, Δ40p53 and SMAR1 levels are also shown (Figure 4g ). In A549 cells, changes in Δ40p53 levels reflect capindependent-IRES-mediated translation of this isoform. 3, 14 Owing to glucose deprivation, there was an increase in Δ40p53 levels at 30 h and this was confirmed with two different antibodies (Figure 5a ). p53 mRNA levels do not change significantly over this time period (Supplementary Figure  S17A) . In A549 (Figure 5b ) and HCT116 cells (Figure 5c ), mRNA levels of p21 (a preferential p53 target) and SFN (a preferential Δ40p53 target) increases significantly after 30 h of glucose depletion. In A549 as well as in hepatic HepG2 cells, steady-state level of SMAR1 protein was found to be increased on glucose deprivation (Figure 5d ). However, when SMAR1 was depleted using siRNA, Δ40p53 expression was almost abrogated on glucose starvation (Figure 5e ). This indicates that SMAR1 is necessary for Δ40p53 expression under such conditions. The ex vivo interaction of p53 IRES was addressed by quantitative immunoprecipitation experiments. From A549 cells, RNA-protein complexes were immunoprecipitated with anti-SMAR1 antibody. The ITAF PTB, which was shown to bind p53 IRESs, 3 served as a positive control (Figure 5f , anti-PTB bars). RT-qPCR analysis of the SMAR1-immunoprecipitate-associated RNA showed the presence of the RNA corresponding to 1-251 IRES, over and above than that from RNA-protein complexes immunoprecipitated by the IgG-isotype antibody, in non-starved cells (Figure 5f ). There was an apparent increase in the amount of RNA pulled down by anti-SMAR1 antibody from glucosestarved A549 cells (Figure 5f ). A similar experiment was Figure 3 Localization of SMAR1 and PTB after glucose deprivation (a) Intracellular redistribution of SMAR1 on glucose deprivation. Anti-SMAR1 antibody was used in indirect immunofluorescence assay on asynchronous H1299 cells starved of glucose for 4, 8 and 30 h and compared to unstarved cells at same time points. Dashed and solid arrows indicate cytoplasmic and nuclear localization of SMAR1, respectively. Fluorescently labeled secondary antibody was used and visualized by Zeiss LSM microscope at x60 objective. SMAR1 is shown in green and DAPI (nucleus) in red, whereas SMAR1 and DAPI merge is shown in yellow. (b) PTB does not relocalize to the cytoplasm on glucose deprivation. Anti-PTB antibody was used in indirect immunofluorescence assay on asynchronous H1299 cells starved of glucose for the indicated time points. Fluorescently labeled secondary antibody was used and visualized by Zeiss LSM microscope at x60 objective. PTB is shown in green and DAPI (nucleus) in blue, whereas PTB and DAPI merge is shown in cyan Translational isoforms of p53 in glucose deprivation D Khan et al performed in p53-null H1299 cells, which were transfected with GFP-hp-5'UTR-p53-bicistronic RNA (Figure 5g ). There was a clear increase in IRES RNA that was pulled down with SMAR1 in conditions of glucose deprivation as compared to normal glucose (Figure 5g, anti-SMAR1 bars) . Together, these results demonstrate that SMAR1 can interact with the p53 (1-251) IRES in cells and such association apparently increases on glucose deprivation. We next investigated cellcycle progression (Figure 5h ) after double-thymidine block in NS or S3 cells transfected with pEGFP (expresses only EGFP)-, 14A (construct expresses GFP, p53α and Δ40p53α)-or 14A-M2 (construct expresses GFP and Δ40p53α) and followed up with glucose starvation. Our results suggest that after 8 h of glucose deprivation in pEGFP transfected cells there is an apparent increase in 4n (and the intermediate 2n-4n) population after 8 h and the reverse at 24 h, irrespective of whether SMAR1 is knocked down or not. Interestingly this change at 8-h deprivation is absent in IRES-driven expression of p53 isoforms from 14A plasmid returned to normal after 24 h of rescue with replenished glucose (Figure 5i ). In A549 cells, endogenous levels of Δ40p53 (IRES driven) and SMAR1 increased on deprivation and returned to basal levels on 24 h of rescue (Figure 5j ). The steady-state-mRNA levels of six p53 transcription targets were checked in H1299 cells transfected with pGFP-hp-p53-5'UTR cDNA (Figure 5k ). There was an increase in levels of all the mRNAs, except Mdm2 on 8 h of glucose deprivation. However, on rescue, levels of p21 and SFN (cell-cycle arrest) as well as Bax and PIDD (pro-apoptotic) decreased; whereas TIGAR (glycolysis and apoptosis regulator) remained high after 8 h of rescue and decreased only after 24 h of rescue. Interestingly, Mdm2 levels were not affected significantly until 24 h of rescue, when it decreased significantly compared to nonstarvation (Figure 5k ). The effect of starvation on p53 and Δ40p53 was investigated in vivo. Wild-type as well as SMAR1 transgenic mice were starved for 0, 12 and 24 h. In the liver, there was a marked increase in SMAR1 levels 24 h post deprivation (Figure 6a , lanes 5 and 6) that corresponded to an increase in the levels of p44 protein (mouse Δ40p53). This was also evident in the thymus (Figure 6b, lanes 5 and 6) . In the liver from SMAR1 transgenic mice, the increase in SMAR1 was more evident 12 h post deprivation with a corresponding increase in Δ40p53 at this time point (Figure 6a, lanes 9 and 10) . The results, however, were more heterogeneous in the thymus from these SMAR1 transgenic mice (Figure 6b, lanes 7-12) . A rescue experiment was performed in WT mice, wherein after 24 h of starvation, these were fed ad libitum for a further 12 and 24 h. Liver lysates from 12 and 24 h 'rescued' mice showed decrease in the levels of SMAR1, p53 and, to a lesser extent, p44 (mouse Δ40p53) protein levels compared to starved mice. The mRNAs of p53 targets, p21 and Mdm2 displayed corroborating changes in their levels, returning to normal (non-starved) levels after 24 h of rescue. Blood glucose levels in both the wild-type and SMAR1 transgenic mice drop by about 20 and 40% after 12 and 24 h of starvation, respectively and are restored to normal levels after 12 h of feeding (Supplementary Figure S18) .
Discussion
During translational control of p53 mRNA, levels of full-length p53 are predominantly regulated by cap-dependent translation initiation and IRES functions more as a back-up in stress, when cap-dependent translation declines. However, for Δ40p53 such regulation is solely IRES dependent. We report here that glucose deprivation in cultured mammalian cells induces p53 IRES activities. Earlier studies have shown that glucose starvation induces p53 protein levels in an AMPactivated protein kinase-dependent manner. 42, 43 In addition, it was shown that PPAR gamma coactivator 1 alpha (PGC-1α) binds to p53 and modulates its transactivation function on glucose starvation. 44 p53 IRESs are known to be inducible by ER and genotoxic stress, oncogene overexpression and G2-M arrest. The current study is the first to report that p53 IRESs are sensitive to any form of nutrient depletion. Both the IRES modules of p53 mRNA were seen to be induced on glucose starvation and higher steady-state levels of p53 and Δ40p53 could be abrogated on treatment with translation-blocker cycloheximide even in glucose depletion, further confirming the role of IRES-mediated translation in p53 mRNA under such stress. There is also a greater turnover of p53 isoforms on glucose deprivation, evident on cycloheximide treatment also. The striking feature was a complete abrogation of induced p53 isoform levels on glucose deprivation because of arrested translation with cycloheximide treatment, hence for the current study we focussed on IRES-mediated enhancement of translation of p53 isoforms on glucose deprivation. Glucose starvation has been observed as a form of ER stress because similar to this stress, depleting glucose in a medium of cultured cells results in increased eIF2α phosphorylation. 40,45 MDM2 protein also binds to the coding region of p53 IRES RNA and promotes translation of the full-length p53 and the alternatively translated product Δ40p53. 12, 35 p53 is also known to have RNA re-annealing properties, binding to the 5′UTR of its own mRNA, 34 as well as of Cdk4 46 and FGF2. 47, 48 Recent reports showed that SMAR1 forms a ternary complex with p53-MDM2, in which MDM2 binds to residues 17-26 of p53 and SMAR1 binds to residues 14-16 of p53, with a simultaneous interaction of SMAR1 and MDM2. 37 We report that SMAR1 is able to bind to p53 (1-251) IRES directly and specifically in the in vitro studies; ex vivo . Graphs show lane-wise densitometric analysis of SMAR1, p53 and Δ40p53 levels normalized to actin, n = 3. '*' represents non-specific band. (d) Quantitative PCR for levels of p53-target mRNAs p21/Cip1 (CDK-interacting protein1), SFN (stratifin alias 14-3-3σ) and Mdm2 (murine double minute 2) in wild-type mice liver, starved of glucose for 12 h (12 h) and then rescued by starvation withdrawal for 12 h (12 h/12 h) and 24 h (12 h/24 h). Results represented as fold change in mRNA levels compared to liver from non-starved mice, n = 3. mmu: Mus musculus
immunoprecipitation experiments serve in confirming this association. SMAR1 was identified as a novel DNA-binding protein from murine thymocyte expression library screen that was associated with matrix attachment region on enhancer regions for genes encoding T-cell receptor β chain in murine CD4 + CD8 + double-positive thymocytes. 49 SMAR1 has been implicated in maintaining cellular homeostasis and is a global regulator/modulator of gene expression. 37, 38, [50] [51] [52] [53] [54] Our recent study showed that SMAR1 is directly linked to translation of both p53 and Δ40p53 in normal as well as glucose-deprived conditions.14-3-3σ was demonstrated as a preferential transcriptional target of Δ40p53. 5, 14 The downstream effects of Δ40p53 induction on target gene activation, and the resulting biological outcome, have been previously explored. [55] [56] [57] In the current study, using Δ40p53-mediated transactivation as a model, we showed that SMAR1 is important for IRESdependent Δ40p53 induction, as well as for the consequent elevation of 14-3-3σ mRNA (Figure 2e) . Therefore, activation of p53 IRES by SMAR1 is likely to contribute to Δ40p53 function, probably more than full-length p53, as translational induction of the shorter isoform has to be through IRES and hence ITAF mediated. Also, p53-mediated transactivation was found to be lesser in case of SMAR1-knockdown cells, largely in both non-starved and starved conditions (Figure 2e ). Nuclear-cytoplasmic relocalization of ITAFs is essential for cellular IRES function. [58] [59] [60] We report in the current study a glucose-dependent relocalization of SMAR1, but not PTB, in cultured cells, highlighting the novelty of SMAR1-mediated control in stress. In addition, rescue experiments both ex vivo and in vivo show that the induction of p53 isoform levels on nutrient deprivation is reversible, with these returning to basal levels on nutrient replenishment. The changes in p53 transactivation target mRNAs also largely corroborate this finding.
Deregulations in translational control contribute to each step of cellular transformation and tumor progression, nutrient starvation being a very common stress for the cells located inside non-vascularized tumors. 61 Activation of p53 IRESs on glucose deprivation provides a new regulatory aspect to the field of translational control of p53 mRNA, suggesting critical function of the p53 isoforms in these conditions in terms of cell survival and stress tolerance.
Materials and Methods
Plasmid constructs. Dual-luciferase constructs of the p53 (1-251) IRES, first (1-134) IRES, second (135-251) IRESs, 3, 8 VEGF and HIF1α IRESs (kind gifts from Professor Greg Goodall, Centre of Cancer Biology, Australia and Professor Annapoorni Rangarajan, MRDG, IISc) and HCV IRES 62 were used in quantitative bicistronic assays. WWP luciferase (a kind gift from Professor Kumaravel Somasundaram, IISc) was used for measuring p53-dependent transactivation, CMV-Renilla-luciferase (Promega, Madison, WI, USA) constructs were used to normalize transfection efficiency. GFP-p53-bicistronic constructs used were pGFPhp-p53-5'UTR-cDNA-containing initiator ATGs for both p53 and Δ40p53 (a kind gift from Professor Robin Fahraeus, INSERM, France), pGFP-hp-p53-5'UTR-(A252G/ T253C/G254T) cDNA with a functional initiator ATG for p53 only, and pGFP-hp-p53-5'UTR(A135T) cDNA with a functional initiator ATG for Δ40p53 only. pSV40-β-galactosidase (Promega, Madison, WI, USA) was used as a control for transfection efficiency as well as cap-dependent translation. shRNA-mediated knockdown of SMAR1 was through pGIPZ-shSMAR1(S3) construct, pGIPZ-NS construct expressed non-targeting shRNA. ΔIRES-Δ40p53 construct was used for capdependent expression of Δ40p53 (a kind gift from Professor Robin Fahraeus, INSERM, France and Professor Adi Kimchi, Weizmann Institute of Science, Israel). pCMV-3XFLAG-SMAR1 was used as described earlier. 53 Cell lines, transfections, glucose deprivation and drug treatment. H1299, HCT116-p53 +/+ , A549 and HepG2 cells were maintained in DMEM (SigmaAldrich, St. Louis, MO, USA) with 10% fetal bovine serum (Biological Industries, Beit Haemek, Israel). For luciferase assays or western blots, 70% confluent monolayer of H1299 or A549 were transfected with various bicistronic luciferase constructs or cDNA plasmids using Lipofectamine 2000 (Invitrogen, Life Technologies, Carlsbad, CA, USA) in Opti-MEM (Invitrogen). Four hours later, the medium was replaced with DMEM (with antibiotic) and 10% FBS. At the desired time point, the cells were harvested and processed as required. For glucose deprivation, cells were washed twice in DMEM-minus glucose and maintained in the same medium for the desired duration. For establishing cell populations with stable expression of SMAR1 or nontargeting shRNA, corresponding pGIPZ DNA constructs were transfected into H1299 cells. After 24 h, 2-μg/ml puromycin was added in the medium and this concentration was maintained for the next 48 h. Then the pooled-puromycinresistant cells were passaged two times in 1-μg/ml puromycin and SMAR1 knockdown validated by immunoblotting. For all subsequent experiments, pooledantibiotic-resistant H1299-NS and H1299-S3 cells were maintained in 1-μg/ml puromycin. For DNA-damage induction, H1299-NS and S3 cells were treated with 2-μM doxorubicin for 16 h.
siRNA transfection. The employed siRNA sequence against SMAR1 was 5′-UAACCCUGAGAUGCGGGUA-3′. As a control for silencing, a siCONTROL non-targeting siRNA #5 (Dharmacon, Thermo Scientific, Waltham, MA, USA) was used in the experiments in a similar manner. Co-transfection of siRNA with various plasmid constructs was performed in monolayer H1299, HCT116-p53 +/+ or A549 cells using Lipofectamine 2000 (Invitrogen) transfection reagent in Opti-MEM (Invitrogen). Forty-eight or 96 h post-transfection the cells were harvested and the extracts were used for dual-luciferase assays or for western blot analysis.
Western blot analysis. Protein concentrations of the extracts were assayed by Bradford (Bio-Rad, Hercules, CA, USA) and equal amounts of cell extracts were resolved in SDS-PAGE, 12% and transferred to nitrocelluose membrane (SigmaAldrich). Samples were then analyzed by western blotting using rabbit-raised CM-1 antibody (kind gift from Professor Robin Fahraeus, INSERM), anti-SMAR1 antibody (Abcam, Cambridge, UK), mouse-raised DO1 and Pab240 antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) or rabbit-raised anti-GFP antibody (IMG5127, Imgenex, Bhubaneswar, Odisha, India) followed by secondary antibody (horseradish peroxidase-conjugated anti-rabbit IgG; Sigma-Aldrich). Mouse-monoclonal anti-β-actin antibody (Sigma-Aldrich) was used as a control for equal loading of total cell extracts. Antibody complexes were detected using the Immobilon Western systems (EMD Millipore, Billerica, MA, USA).
Dual-luciferase assay. Renilla-and firefly-luciferase activities were measured using the dual-luciferase reporter assay system (Promega), according to the manufacturer's protocol, by using TD20/20 Luminometer (Turner BioSystems, Promega).
Beta-galactosidase assay. RIPA lysates from pSV40-β-galactosidasetransfected cells were used for the colorimetric assay. To 0.1-M sodium phosphate buffer (82% 0.1-M Na 2 HPO 4 and 18% 0.1-M NaH 2 PO 4 ), total-protein normalized volumes of RIPA lysates were added along with 0.1-M MgCl 2 , 4.5-M β-mercaptoethanol and 4-mg/ml o-nitrophenyl-β,D-galactopyranoside substrate; reactions were incubated in 37°C for 30 min. After quenching with 1-M sodium carbonate solution A 420 nm was measured in a spectrophotometer.
Caspase assay. Eight thousand H1299 cells were seeded per well in 96-well plates 16 h prior to transfection. These were transfected with a total of 15-ng DNA per well and the medium was changed after 6 h. After 48 h, 50 μl of caspase 3/7 Glo reagent (Promega) was added per well, incubated at room temperature for 3 h and then luminescence was measured in Turner BioSystems plate reader using the corresponding protocol.
RNA isolation and real-time PCR. Total RNA was isolated from H1299, A549 or HCT116 cells using TRI reagent (Sigma-Aldrich) as per manufacturer's protocol, treated with 10 units of DNase per sample and extracted by phenolchloroform method. For RNA isolation from mice livers, a part of the organ was Translational isoforms of p53 in glucose deprivation D Khan et al suspended in TRI reagent (Sigma-Aldrich) and 200-μg/ml glycogen, homogenized by handheld Down's homogenizer (Sigma-Aldrich) by 50 strokes on ice and then manufacturer's protocol was followed as usual. For real-time PCR, first-strand cDNA was synthesized using oligo-(dT) 18 primer (Thermo Scientific) using RevertAid RT enzyme (Thermo Scientific) from 2-μg RNA. Reaction was set up with 2 μl of 1 : 5 diluted cDNA using DyNAmo qPCR kit (Thermo Scientific) that uses SYBR Green chemistry as per manufacturer's instructions on ABI Prism 7900HT machine (Applied Biosystems, Life Technologies) or ABI ViiA7 machine (Applied Biosystems, Life Technologies). Data were analyzed using SDSv2.3 software (Applied Biosystems, Life Technologies) or ViiA7 RUO software (Applied Biosystems, Life Technologies). The results were calculated by the comparative ΔΔ C t method. The primer sequences are as follows:
p53 Forward: 5′-TGGGCTTCTTGCATTCTGG-3′, p53 reverse: 5′-GCTGTGACT GCTTGTAGATGGC-3′; p21 forward: 5′-CCTCAAATCGTCCAGCGACCTT-3′; p21 reverse: 5′-CATTGTGGGAGGAGCTGTGAAA-3′; BAX forward: 5′-GCCCTTTTG CTT CAGGGTTT-3′; BAX reverse: 5′-TCCAATGTCCAGCCCATGAT-3′; PIDD forward: 5′-CGAGCCCTCTGACACGGT-3′; PIDD reverse: 5′-AGAAGGACACCTGG CCCC-3′; SFN forward (14-3-3σ): 5′-TGAGAACTGGACAGTGGCAG-3′; SFN (14-3-3σ) Reverse: 5′-GAGGAAACATGGTCACACCC-3′; MDM2 forward: 5′-ATCTTGGCCAG TATATT ATG-3′; MDM2 reverse: 5′-GTTCCTGTAGATCATGGTAT-3′; TIGAR forward: 5′-CTGACTGAAACTCGCTAAGG-3′; TIGAR reverse: 5′-CAGAACTAGCAGAG GA GAGA-3′; actin forward: 5′-TCACCCACACTGTGCCCATCTACGA-3′; actin reverse: 5′-TGAGGTAGTCAGTCAGGTCCC-3′; mmu-p21 forward: 5′-CGGTGGA ACTTTGACTTCGT-3′; mmu-p21 reverse: 5′-GAGTGCAAGACAGCGACAAG-3′; mmu-Mdm2 forward: 5′-AGATTCCAGCTTCGGAACAA-3′; mmu-Mdm2 reverse: 5′-ACACAATGTGCTGCTGCTTC-3′; mmu-SFN forward: 5′-GAAACCTGCTTTCC GTAGCTTA-3′; mmu-SFN reverse: 5′-TCTGAGCTCGGTCTCTACCTTC-3′; mmuActin forward: 5′-CGGTTCCGATGCCCTGAGGCTCTT-3′; mmu-actin reverse: 5′-CGTCACACTTCATGATGGAATTGA-3′.
Immunofluorescence staining. For immunofluorescence staining, H1299 cells were grown on coverslips for 14 h followed by glucose deprivation for 4, 8, 17 and 30 h. At each time point, cells on coverslips were washed twice with 1x PBS and fixed by 4% formaldehyde at room temperature for 20 min. After permeabilization by 0.1% Triton X-100 for 2 min at room temperature, cells were incubated with 4% BSA at 37°C for 1 h followed by incubation with rabbit-raised anti-SMAR1 (Abcam) antibody or mouse-raised anti-PTB antibody (Calbiochem, White House Station, NJ, USA) for 16 h at 4°C and then detected by Alexa-488-conjugated anti-rabbit or Alexa-633-conjugated anti-mouse secondary antibody for 30 min (Invitrogen). Images were acquired using Zeiss confocal microscope and image analysis was done using LSM Image browser (Zeiss, Oberkochen, Germany).
FACS analysis. For FACS analysis, the asynchronous monolayer of H1299 cells was trypsinized, washed with 1x PBS and fixed in 70% ethanol at 4°C. Fixed cells were treated with 50 μg of RNase A (Thermo Scientific) at 37°C for 60 min and then stained with 20-ng/ml propidium iodide (Sigma-Aldrich) at 37°C for 30 min. Stained cells were analyzed in FACSCantoII (BD Biosciences) cell analyzer using FACS Diva 2.0 software (BD Biosciences).
Immunoprecipitation of RNP complexes in vivo. GFP-hp-5'UTR-p53-bicistronic mRNA was synthesized from XhoI linearized pGFP-hp-p53-5'UTR-cDNA plasmid using RiboMax kit (Promega) as per manufacturer's instructions. H1299 cells at 85-90% confluence 16 h post-seeding were transfected with these RNAs. After 4 h, no-glucose DMEM with 10% FBS was added to the experimental set of cells. After another 8 h, cells were lysed with polysome lysis buffer (100-mM KCl, 5-mM MgCl 2 , 10-mM HEPES at pH 7.0, 0.05% NP-40, 1-mM DTT, 100-U/ml RNasin and 1% protease inhibitor cocktail). Similarly, untransfected A549 cells were glucose deprived for 8 h, no deprivation was employed for control A549 cells and after 8 h cells were lysed with polysomal lysis buffer. Supernatants were pre-cleared with Fast-Flow protein-G sepharose beads (Sigma-Aldrich) for 30 min at room temperature. Pre-cleared lysates containing equal total protein (500 μg) were incubated with anti-SMAR1, anti-PTB-(Calbiochem) or rabbit IgG (Sigma-Aldrich) saturated protein-G sepharose beads overnight at 4°C. RNP complexes conjugated to antibody-bound beads were spun down at 8000 r.p.m. for 2 min, washed four times in ice-cold polysomal lysis buffer and spun down similarly. RNP complexes were precipitated followed by proteinase-K (Promega) treatment for 30 min at 55°C. RNA was extracted using TRI reagent (Sigma-Aldrich) as per manufacturer's protocol and treated with DNase-I (Promega) at 37°C for 20 min. Finally, with phenol-chloroform-precipitated RNA, RT-PCR was performed using IRES-specific reverse primer and RevertAid reverse transcriptase (Thermo Scientific). cDNA was used for quantitative PCR using IRES-specific primers and PCR products resolved in 2% agarose gel. The primer sequences are as follows: p53-10-27-F-IP: 5′-ACCGTCCAGGGAGCAGGT-3′, p53-238-251-R-IP: 5′-TGCTTGGGACGGCA -3′. Input was normalized using the values obtained in RNA isolated from 10% input lysate.
In vivo experiments in mice. A total of 24 eight-week-old female C57BL/6 mice (12 WT and 12 transgenic; for SMAR1) 63 were employed in the experiment. Three time points were used, for example, 0 h (control), 12 h (of starvation) and 24 h (of starvation). At each time point four mice per experimental set were killed and the required tissues (liver and thymus) were isolated. For the rescue experiment, a total of 12 WT mice were employed, three each for control, 24-h starvation, 24-h starvation/12-h rescue and 24-h starvation/24-h rescue batches. The tissues were first washed in ice-cold 1x PBS and were finely minced using a scissor and forceps, on ice. In total, 30 mg of the minced tissue sample was suspended in 1x RIPA buffer and was subjected to sonication (15 s/15 s; pulse/pause) at high intensity for a total time of 15 min in a sonication machine (Bioruptor, Diagenode, Denvile, NJ, USA). The samples were then centrifuged at 12 000 r.p.m. for 30 min. The supernatant was collected and processed for immunoblotting. For blood glucose level determination, wild-type (C57BL/6) and SMAR1 transgenic (SMAR1Tg) mice were used to set up the experiment. Blood was collected by heart puncture and the serum was isolated. The serum glucose levels were measured by GOD-POD method using a kit (Spinreact, Girona, Spain). The absorbance was measured at 505 nm in an ELISA plate reader. The levels were then calculated with reference to the standard sample. The graph represents the data of four independent experiments.
In vitro transcription. For mSMAR1-binding analysis of p53 (1-251) IRES, the respective bicistronic plasmid DNA was PCR amplified using T7 promoter sequence-tagged p53 forward primer and specific reverse primer. Amplified DNA was purified using PCR-purification kit (Qiagen, Venlo, The Netherlands) as per manufacturer's instructions. As per manufacturer's instructions the α-32 P-UTPlabeled RNA probe of 1-251 IRES RNA was synthesised with T7 RNA polymerase and 10 μCi/μl of α-32 P-UTP (NEN, Perkin Elmer, Waltham, MA, USA) and used for UV-crosslinking assays. In addition, 40 units of RNase inhibitor (Promega) were included in each reaction in order to inhibit the activity of contaminating nucleases.
Protein purification. The expression of recombinant mouse SMAR1 was induced by 1-M IPTG for 16 h in Escherichia coli (BL21 DE3) cells transformed with pET28b-SMAR1. His-tagged protein was purified using Ni 2+ -nitrilotriacetic acid-agarose (Qiagen) under non-denaturing conditions and eluted with 500-mM imidazole.
UV-induced crosslinking of proteins and RNA. UV-induced crosslinking was carried out as described elsewhere. 3 Briefly, α-32 P-UTP-labeled 1-251 IRES RNA probe was allowed to form complexes with recombinant mSMAR1 at 30°C for 25 min in 1x RNA-binding buffer and then irradiated with a handheld UV lamp for 20 min. The mixture was treated with 30-μg RNase A (Sigma-Aldrich) at 37°C for 30 min. The protein-nucleotidyl complexes were electrophoresed on SDS-PAGE, 10% and analyzed by phosphorimaging.
Electrophoretic mobility shift assay. Conditions for EMSA have been previously described. 64 α 32 P-UTP-labeled p53 1-251 IRES (25 fmol) was incubated with 300 and 600 ng of His-SMAR1 protein at 30°C for 30 min. Loading dye was added and the protein-nucleotidyl complex was resolved on a 4% (60 : 1) polyacrylamide gel at 4°C.
Filter-binding assay. The α-32 P-labeled corresponding p53 RNAs (1-251 or 1-134 or 135-251 regions of p53 IRES) were incubated with increasing concentrations of purified mSMAR1 at 30°C for 20 min in RNA-binding buffer (5-mM HEPES at pH 7.6, 2-mM KCl, 2-mM MgCl 2 , 3.8% glycerol, 2-mM DTT and 0.1-mM EDTA) and loaded onto nitrocellulose filters equilibrated again with RNAbinding buffer. The filters were washed four times, dried and the counts retained were measured in a scintillation counter. The graph was plotted with protein concentration (micromolar concentrations) on x-axis and percentage of RNA bound as the percentage of counts retained on y-axis.
